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Abstract: Mupirocin is an antibacterial agent that has been documented to be effective in treating
superficial skin infections. However, the main limitation of its application is bacterial resistance.
Therefore, there is a need to determine a way to potentiate its efficiency. Accordingly, this obstacle led
to this current investigation, which aims to find a way to improve the therapeutic action of mupirocin.
This study focuses on the integration of tea tree oil with mupirocin to improve its antibacterial and
wound healing capacities. Distinct nanoemulsions (NEs) were developed and the best of them were
optimized using a central composite design (CCD) approach. The optimized NEs were mixed with
a gel base to form a mupirocin-loaded nanoemulgel (NEG). The formulation was evaluated for
characteristics including pH, viscosity, spreadability, and in vitro release over 6 h. The NEG was
examined for its stability in two different conditions, namely at room temperature and refrigerated,
for 3 months. Eventually, the NEG was inspected to determine its antibacterial and wound healing
efficiencies. The developed mupirocin-loaded NEG exhibited good physical properties in terms of pH
(6.13), viscosity (19,990 cP), spreadability (48.8 mm), and in vitro release over 6 h (51.4%). Moreover,
it showed good stability with no significant difference in the evaluated parameters when stored
for 3 months in the two conditions. Ultimately, mupirocin-loaded NEG prepared with tea tree oil
exhibited a significant antibacterial influence in addition to good healing efficiency.
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1. Introduction

Mupirocin is a secondary metabolite used as a topical antibiotic and works by attach-
ing to certain bacterial enzymes, inhibiting them from synthesizing proteins [1]. Mupirocin
is used for treating infections brought on by pathogens such as methicillin-resistant Staphy-
lococcus aureus (MRSA) [2]. It has been shown that the antibacterial activity of mupirocin
has a key role in the treatment of infected wounds. Nevertheless, there is growing proof
that staphylococci are resistant to mupirocin as a result of its unrestricted use for treat-
ment [3]. It was reported that using mupirocin in combination with other therapies pro-
vided more prominent and significant action in antibacterial influence and wound healing
than mupirocin alone [4]. Therefore, in order to attain a more efficacious influence of
mupirocin, it is better that it be used in combination with other treatments, such as natural
products that have also shown certain antibacterial and wound healing activities.
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Presently, natural products are broadly utilized as complementary medicines owing
to their magnitude of influence in managing various disorders with higher safety and
fewer side effects [5]. Essential oils are categorized as natural products and possess a
variety of active components that possess strong influence in various aspects [6]. Tea
tree oil is one such essential oil product, which is primarily obtained from the native
Australian Melaleuca alternifolia tree [7]. Recently, many topical preparations containing
tea tree oil as the active component have been used for treating cutaneous infections.
Tea tree oil is greatly renowned for its documented antimicrobial activity owing to its
monoterpenoid components [8]. According to previous studies regarding the antimicrobial
effects of monoterpenes, it was stated that these compounds migrate into cell membranes
and harm their structures [9]. Terpinen-4-ol is primarily responsible for the broad-spectrum
antibacterial activity that is demonstrated by tea tree oil [10]. Regarding its wound healing
efficiency, it has been described as a “magic” healing oil since it provides the most effective
protection against infections caused by cuts, bites, and other wounds [10]. Consequently,
incorporating tea tree oil in formulations containing antibacterial agents such as mupirocin
would provide an extensive enhancement in wound healing behavior.

Emulsion is the best pharmaceutical preparation that contains oil as one of its main
components. In line with recent approaches, nanotechnology is employed to obtain
nanomedicine in a nanosized range, such as nanoemulsions (NEs). NEs are homoge-
neous dispersions formed of both aqueous and oily phases dispersed together using an
emulsifying agent [11]. The advantages of NEs are their stability, small droplets, and
enhanced physicochemical properties [12]. NEs can be used as carriers for numerous
drugs to provide anticancer, antioxidant, anti-inflammatory, analgesic, antifungal, and
antibacterial effects with wound healing activity [13-15]. Moreover, NEs can be used to
deliver medication in various ways to achieve their pharmacological objectives, including
parenteral, oral, transdermal, and topical routes [16-18].

Topical drug delivery is a method of treating skin disorders in an efficient and direct
way that ensures good therapeutic impact due to the localization of the medication on
the affected area [19]. A variety of conventional dosage forms can be used for topical
application, namely cream, gel, paste, and ointment. However, certain challenges and
limitations can be faced as a result of their bioavailability [20]. Such problems have forced
the manufacturing of innovative topical drug delivery systems based on nanotechnology.
Though NE is one of these innovative nanocarriers that can be utilized for delivering
medication topically, its lower viscosity could lower its ability to stick to the affected
area. Applying a formulation with higher viscosity is more efficient because it can be
easily applied and spread over the skin and cannot be easily removed [21]. Therefore,
an innovative nanoemulgel (NEG) was synthesized using NE after being mixed with
preformulated gel.

NEG is widely used as a tool for topical drug delivery because it can incorporate both
lipophilic and hydrophilic drugs. Additionally, it enhances the stability of the formula-
tion through reductions in surface and interfacial tension, which raises its viscosity, eases
its application, and avoids gastrointestinal problems [22]. Additionally, several investi-
gations emphasized that NEG provides more stability in formulations than NE, which
raises aqueous phase viscosity through a reduction in surface and interfacial tensions [23].
Remarkably, in order to develop pharmaceutical products of the highest quality and with
better attributes, it has been discovered that formulation by design (FbD) is a useful tech-
nique. This technique helps in the development of more effective, economical, and safe
drug delivery systems towards the achievement of quality-by-design goals [24]. This re-
quires a reasonable approach to experimental strategies, such as using a central composite
design (CCD) approach.

In these contexts, the present study was an attempt to potentiate the influence of
mupirocin as an antibacterial and wound healing agent. Employing a nanotechnology
approach, NEs were developed, optimized, and incorporated into a gel base to attain an
NEG formulation for better topical application. The NEG formulation was subjected to



Appl. Sci. 2023,13, 13244

30f21

various physical characterizations and evaluated to determine its antibacterial and wound
healing efficiencies.

2. Materials and Methods
2.1. Materials

Mupirocin was obtained as a gift sample from AVALON PHARMA (Middle East
Pharmaceutical Industries Co. Ltd., Riyadh, Saudi Arabia). Tea tree oil was purchased from
NOW® Essential Oils (NOW Foods, Bloomingdale, IL, USA). Tween 80 was obtained from
ALPHA CHEMIKA (Mumbai, India). Polyethylene glycol 400 was purchased from Merck
KGaA® (Darmstadt, Germany). The gelling agent consisting of Na alginate was purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA). All other chemicals and solvents were of
analytical grade.

2.2. Designing the Experiment

As a tool of Response Surface Methodology (RSM), a central composite design (CCD)
approach was used to explore how some independent factors affected certain dependent
responses in order to facilitate the supposition of the data. A strategy was developed in
which three variables were examined to determine their impact on two responses, as shown
in Table 1. The chosen independent variables were oil concentration (A), Tween 80 con-
centration (B), and PEG 400 concentration (C), along with their effect on two responses,
namely particle size Y1 and in vitro release Y2. The Design-Expert version 12.0 software
(Stat-Ease, Minneapolis, Minnesota, USA) was used to perform the study and demonstrate
some data analysis using analysis of variance (ANOVA) tests. Additionally, the software
generated modeling graphs that were supported by specific mathematical equations [25].

Table 1. Experimental runs for various mupirocin NEs produced via CCD and their observed
dependent variables.

Independent Variables Dependent Variables
Formula A B C Particle Size In Vitro
(%) (%) (%) (am) Reloease PDI
(%)
F1 25 1 1.5 265 + 3.2 50+ 3.0 0.467 £ 0.061
F2 1.5 1 0.5 123 £2.0 75+1.8 0.348 £ 0.034
F3 1.5 0.5 1.5 136 £2.5 73 +2.8 0.350 £ 0.049
F4 2 0.32 1 254+ 3.4 53+ 26 0.573 £ 0.048
F5 2 0.75 0.15 225+19 55+22 0.276 = 0.013
Fe 2 0.75 1 214+ 3.0 59 +23 0.341 £+ 0.032
F7 2 1.17 1 176 £2.9 65 +3.2 0.333 £ 0.031
F8 25 0.5 0.5 356 += 4.5 42 +3.0 0.521 £ 0.024
F9 1.5 0.5 0.5 149 £25 69 £2.7 0.319 £ 0.019
F10 1.15 0.75 1 97 £ 2.0 81 +2.6 0.323 £ 0.035
F11 2 0.75 1 212 +£3.2 60 2.8 0.275 £ 0.010
F12 2 0.75 1.8 192 £1.7 62 +£2.5 0.226 £ 0.007
F13 25 1 0.5 286 + 3.6 47 £ 2.4 0.439 £ 0.018
F14 2 0.75 1 217 = 3.5 57 £ 3.5 0.326 = 0.012
F15 1.5 1 1.5 117 £2.1 79 £3.1 0.307 £ 0.021
F16 25 0.5 1.5 315+ 4.7 45+ 3.0 0.489 £+ 0.018
F17 2.8 0.75 1 375+ 3.4 40+2.0 0.495 £ 0.010

A: Oil concentration; B: Tween 80 concentration; C: PEG 400 concentration; Y1 particle size; and Y2: in vitro
release.

2.3. The Formulation of Nanoemulsions

Different NEs containing mupirocin were prepared and their compositions are dis-
played in Table 1. Different concentrations of TTO, Tween 80, and PEG 400 were mixed to
form the oily phase in which mupirocin was dissolved. The oily phase was put in a water
bath with continuous stirring using a vortex (classic vortex mixer, VELP Scientifica, Italy)
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until well mixed. Further, water was added gradually to the oily phase. Both phases were
heated to 70-80 °C and then homogenized using an Ultra-Turrax homogenizer (IKA-T25;
Germany) for 5 min at 10,000 rpm to obtain a suitable particle size [26].

2.4. The Characterization of Mupirocin-Loaded NE Formulations
2.4.1. Particle Characterization

To determine the particle size distribution, a zetasizer instrument (Malvern Instru-
ments Ltd., Worcestershire, UK) was utilized. This was determined by measuring their
dynamic light scattering at 25 °C with a scattering angle of 90°. In brief, 3 mL of distilled
water was used to dilute 10 microliters of mupirocin formulation; then, the particle size
and polydispersity index of the NE preparations were measured [27].

2.4.2. In Vitro Drug Release Study

By means of Franz diffusion cells (Logan Instruments Corp., FDC-6, Somerset, NJ,
USA), the in vitro release of mupirocin from the formulated NEs was conducted. The
donor and receptor chambers of the diffusion cell were separated by the cellulose acetate
cellophane membrane (MWCO 2000-15,000), which was clamped, and freshly made phos-
phate buffer pH 5.5 was poured into the receptor chamber. The samples were taken out
at predetermined intervals (0.25. 0.5, 1, 2, 3, 4, 5, and 6 h) and replaced with equivalent
volumes of fresh buffer solution to maintain the volume constant throughout the testing
period. After the proper dilutions, the samples were examined for drug content using a
UV visible spectrophotometer (JENWAY 6305, Bibby Scientific Ltd., Staffs, UK) at Zmax
222 nm [28].

2.5. The Formulation of Nanoemulgel

The optimized mupirocin-loaded NE formulation was inserted into a gel preparation
in order to attain an NE formulation that could be applied easily over the affected area.
Therefore, Na alginate gel (2%) was prepared where the gelling agent was added to 10 mL
of distilled water and stirred continuously using a magnetic stirrer (Jeio Tech TM-14SB,
Medline Scientific, Oxfordshire, UK) until a homogenous gel was produced. After that,
the formed gel was mixed with NE formulations for 5 min using a mixer (Heidolph
RZR1, Heidolph Instruments, Schwabach, Germany), resulting in a mupirocin-loaded
NEG formulation.

2.6. The Characterization of NE Formulation
2.6.1. Visual Inspection

Following 48 h of preparation, the developed formulation was inspected for any
physical changes including color and homogeneity [29].

2.6.2. pH Determination

The pH of the formulation was measured using a pH meter (MW802, Milwaukee
Instruments, Szeged, Hungary). The measurement was carried out by immersing the pH
sensor probe in a dispersion formed from 0.5 g of formulation in 20 mL of distilled water.
The measurement was carried out at ambient temperature [30].

2.6.3. Viscosity Measurement

The viscosity of the mupirocin-loaded NEG formulation was evaluated using a Brook-
field viscometer (DV-1I+ Pro, USA). Simply, spindle No. 63 was utilized and rotated at a
speed of 0.5 rpm to measure the viscosity. The measurements were carried out while a
sample of the NEG was maintained at room temperature (25 °C) [31].

2.6.4. Spreadability Test

This assessment is highly important for topical formulations since it shows the poten-
tial region of distribution when the formulation is applied to the skin or affected area. It is
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performed by measuring the spreading diameter of 1 g of NEG between two horizontal
glass plates (25 cm x 25 cm) while subjecting them to a weight of approximately 0.5 kg for
a duration of 1 min [32].

2.6.5. Drug Content

One gram of mupirocin-loaded NEG preparation was diluted with 100 mL of phos-
phate buffer and filtered through 0.45 micro-syringe filters. The drug content was measured
using a spectrophotometric assay at Amax of 222 nm. Using the same methodology, the
drug content of the blank sample (sample devoid of drugs) was determined using the
following equation:

Percentage of drug content = (Actual/Theoretical) x 100

2.7. The In Vitro Drug Release Study of NEG Formulation

In order to assess the in vitro release of mupirocin from the NEG formulation, the
same approach as in Section 2.4.2 was used [28,33].

2.8. Drug-Excipient Compatibility Studies (Fourier-Transform Infrared Spectroscopy
(FTIR) Studies)

The infrared spectra were investigated using an FTIR spectrophotometer (FTIR spec-
trophotometer, SHIMADZU, IRAFFINITY-1S, Kyoto, Japan). The KBr pellet technique was
used in which NE was poured on the KBr plate and dried via vacuum. All FTIR spectra
were obtained between 4000 and 400 cm~!. The analysis was performed for the pure drug
and formulations to detect any changes in the chemical structure [34].

2.9. Scanning Electron Microscopy (SEM)

A microscopic method utilizing scanning electron microscopy (SEM) (JSM-6390LA,
JEOL, Tokyo, Japan) was used to determine the morphology of the manufactured mupirocin-
loaded NEG formula. Typically, a sputter coater was used to shield a slab with gold while
a sample of the formulation was added and scanned. Next, using various magnifications,
the morphology was detected at an acceleration voltage of 5 kV while operating under a
reduced vacuum [26].

2.10. Stability Study

Stability studies were used to evaluate the physical and chemical stabilities of the
optimized mupirocin-loaded NEG formulation. According to recommendations from the
International Conference on Harmonization (ICH), the sample was stored in a sealed plastic
jar for 1 and 3 months under ambient (25 + 2 °C/60 5% RH) and (5 £ 3 °C) conditions.
At the prescribed time, the samples were examined for physical appearance, viscosity,
spreadability, and in vitro release study [35].

2.11. The Antibacterial Activity of Mupirocin-Loaded NEG against Different Bacterial Strains

In order to investigate the in vitro antibacterial activity of the optimized mupirocin-
loaded NEG, an antibacterial examination was conducted using the disk diffusion method.
The strain of MRSA bacterium (methicillin-resistant Staphylococcus aureus) used in the
study was obtained from the American Type Culture Collection (ATCC). Basically, a sterile
cork borer was used to create a 12 mm diameter disc in a Petri dish. Moller Hinton Agar,
a bacterial culture medium, was present in the Petri dish. Each disk received a small
amount of the investigated preparation in order to measure the diameter of the inhibition
zone. The studied formulations were mupirocin-loaded NEG and NEG without mupirocin,
compared with marketed mupirocin ointment (Bactroban®) as the control. The experiment
was performed in triplicate with a mean value =+ SD. The plates were incubated for 24 h at
37 °C and then the zone of inhibition in each plate was measured and recorded [36].
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2.12. Animals and Statement of Ethical Approval

The study was performed using 200-250 g adult male Wistar rats. The animals were
kept in a pathogen-free environment with a 12 h day/night cycle and a temperature of
25 °C. In addition, regular pellet food was supplied, and they had unrestricted access to
the water supply. The in vivo experiments were conducted in compliance with the ethical
guidelines for animal use at King Faisal University. The Research Ethics Committee (REC)
of King Faisal University (KFU-REC-2021- NOV-EA(000134) provided its approval for the
experiment’s protocol.

2.13. Studies on Skin Irritation

For investigating skin irritancy, Wistar rats, adult males, weighing between 200 and
250 g, were used. Using a clipper, the animal’s dorsal region was stripped of all hair one day
before starting the investigation. On the hairless skin, each tested product was uniformly
applied to an area of 4 cm? on the skin that was not covered with hair. After applying the
formulation for 24, 48, and 72 h, the surface of the skin was checked for any indications of
sensitivity, including erythema and edema. The observed sensitivity reaction was given a
score of 0, 1, 2, or 3 depending on whether there was no reaction, a small reaction, or spotty
or severe erythema, with or without edema [37].

2.14. The In Vivo Evaluation of Wound Healing Efficiency
2.14.1. Design of the Experiment

Excision wound models were utilized in the current study for the evaluation of
mupirocin-loaded NEG antibacterial activity. Four groups of rats were allocated, each
containing four animals. Throughout the whole experiment, animals in all groups were
screened daily for any wound contamination. None of the animal groups received an
antibiotic and each group was treated only with the specified formula as follows:

Group I: rats were kept to heal without treatment (control group);

Group II: rats were given commercial ointment (50 mg);

Group III: rats were given blank NEG (50 mg);

Group IV: rats were given mupirocin-loaded NEG (50 mg of 2% NEG) [38].

2.14.2. Excision Wound Establishment

Ketamine hydrochloride (50 mg/kg) and xylazine (10 mg/kg) were administered
intraperitoneally to the rats to cause anesthesia [39]. The dorsal region of the anesthetized
rats was first shaved and then sanitized with an alcohol swab before the wound was
created. On the back of each animal, a 1 cm diameter, open cut, full-thickness wound was
created employing a razor-sharp metal punch that was autoclave-sterilized. Due to the
position of the wounds, the rats were unable to reopen them. Days of topical preparation
administration began on day 0 and continued until the day of full wound healing. For the
whole time of the experiment, daily topical applications of all preparations were made to
the wound region starting on the day the excision wound was created. On days 0 through
21, wounds were left exposed to the air, and the wound healing ratio was assessed [40].

2.14.3. Wound Area Measurement

On experiment days 0, 4, 7, and 14, digital photographs of the lesions were taken.
Image J, version 1.45 (freeware; rsbweb.nih.gov/ij; Bethesda, MA, USA) was used to
digitally quantify the lesion areas at predetermined periods. The images of the lesion
regions were utilized to compute the percentage of wound area.

2.15. Statistical Analysis

All data were recorded as mean =+ standard deviation by applying Student’s t-test and
a one-way analysis of variance (ANOVA) test followed by the least significant difference
(LSD) method as a post hoc test using SPSS statistics software, version 9 (IBM Corporation,
Armonk, NY, USA). When the p-value < 0.05, the difference was considered to be significant.
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3. Results
3.1. Designing the Experiment
Fitting Models and Analyzing Statistical Data

As presented in Table 1, seventeen NE preparations were developed via a CCD
approach using various concentrations of tea tree oil, Tween 80, and PEG 400. The different
concentrations of the selected factors were examined for their influence on certain responses,
namely the particle size and in vitro release. Statistical analysis of the data was performed
using ANOVA in order to identify the model. As shown in Table 2, it was noticed that
the best-fitting model for the Y; response is the quadratic one, since it showed an R?
value of 0.9988 if compared with other models. However, the best fitting model for the Y,
response is the linear model since its R? value was recorded as 0.9894 if compared with
other models. Concerning the model F-value, it was detected to be 639.74 and 403.4 for Y4
and Y, respectively, demonstrating that the model is significant. Furthermore, p-values
less than 0.05 indicate that the model terms are significant. In the case of the Y; response,
the model terms A, B, C, AB, AC, and AZ are significant; however, the model terms A, B,
and C are significant for the Y2 reaction. Relating to the lack of fit value, it is essential for
this parameter to be non-significant in order for the model to fit. It was recorded that the
lack of fit was 3.78 and 0.895 with corresponding p-values of 0.2221 and 0.6378 for the two
responses Y1 and Y, respectively. This result revealed a non-significant lack of fit.

Table 2. Statistical analysis of responses.

Y1 Yz
Source
E-Value p-Value E-Value p-Value
Model 639.74 <0.0001 * 403.40 <0.0001 *
A 5245.74 <0.0001 * 1126.16 <0.0001 *
B 339.32 <0.0001 * 61.19 <0.0001 *
C 72.07 <0.0001 * 22.84 0.0004 *
AB 37.14 0.0005 *
AC 12.21 0.0101 *
BC 4.81 0.0643
A2 31.41 0.0008 *
B2 0.0157 0.9040
C? 3.60 0.0994
Lack of fit 3.78 0.2221 0.8965 0.6378
R? analysis
R? 0.9988 0.9894
Adjusted R? 0.9972 0.9869
Predicted R2 0.9911 0.9820
Adequate 85.9518 62.9684
pI'EClSlOI‘l
Model Quadratic Linear
Remark Suggested Suggested

A: Oil concentration; B: Tween 80 concentration; C: PEG 400; Y : particle size; and Y: in vitro release. * Significant.

3.2. The Characterization of Mupirocin-Loaded NE Formulations
3.2.1. The Effect of Selected Factors on Y7

The particle size of the developed formulations is a very significant factor to be
assessed. Referring to Table 1, the particle sizes of all developed NEs along with their
corresponding PDI values are displayed. The particle sizes of all NE formulations seemed
to range from (97 & 2.0 to 375 & 4.5) nm. It was observable that using a higher concentration
of tea tree oil would provide a formula with a larger particle size due to an increase in
the dispersed phase [41]. On the contrary, a higher concentration of surfactant (B) would
provide a smaller particle size while using the same oil concentration. This result was
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P size (nm)

3D Surface

ascribed to the relation between surfactant and interfacial tension since adding more
surfactant would reduce the interfacial tension at the formula’s interface and subsequently
prevent the coalescence of particles and the formation of aggregates, keeping the particle
size small [42]. On the same track, using a higher concentration of factor C, related to PEG
400, would lower the particle size upon using the same oil and surfactant concentration.
Likewise, this finding could be attributed to the same fact concerning how surfactants and
co-surfactants have a role in lowering interfacial tension, which would accordingly drop
the particle size of the formulation [43].

In order to confirm the obtained results, the following mathematical equation was gen-
erated using the design approach, showing that particle size (Y1) was directly proportional
to factor A, which was confirmed by the positive sign. On the other hand, the negative sign
in front of factors B and C indicated an inverse relation between them and response Y;.

Y, =214.449 + 85.2714 * A — 21.6873 * B — 9.99492 * C — 9.375* AB — 5.375 *
AC +3.375* BC +7.2625 * A2 — 0.162123 * B? — 2.46022 * C2

To further emphasize the attained data, several graphs were created using a CCD ap-
proach, which demonstrated the relation between all the selected factors and the observed
particle size response Y;. The substantial positive effect of factor (A) in addition to the
negative effect of both factors B and C on the particle size response (Y1) is demonstrated
clearly by the 3D-response surface plot as exhibited in Figure 1a—c. Moreover, the one-factor
graph as plotted in Figure 2a—c explains the influence of each factor against the particle size
response. The graph shows that response (Y1) related to the particle size of the developed
formulations increased in relation to the increase in factor (A) concentration (Figure 1a);
however, the response dropped upon increasing the other two factors B and C (Figure 1b,c).

b 3D Surface 3D Surface

P size (nm)
P size (nm)

C:PEGA00 (7 06 B Tween80
05 05

Figure 1. Three-dimensional response surface plots demonstrating the effect of factors (a) A and B,
(b) A and C, and (c) B and C on particle size response (Y1).
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One Factor

One Fact
a One Factor b 400 | e ¢ 400 |
400 |
300 | 300
300 | i
. | E £
g / ’ ;2007 ;2007
<200 : S S
= = 100 | 100
100 |
0| 0|
0 T T T T T T T T T T T
T T T T T 05 0.6 0.7 0.8 09 0.5 0.7 09 11 13 15
15 17 19 21 23 25 B: Tween 80 C: PEG 400
A: oil
Figure 2. One factor plots representing (a) the influence of factor A, (b) the influence of factor B, and
(c) the influence of factor C on particle size response Yj.
Additionally, as per the data shown in Table 2, the adjusted and predicted R? for the
Y; response were 0.9972 and 0.9911, respectively; these values seemed to be very close to
each other since the difference between them is less than 0.2. This indicates that both values
were in reasonable agreement with each other as seen in Figure 3a. Also, the adequate
precision was (85.9518), which is an adequate signal that could navigate the design space.
Predicted vs. Actual Predicted vs. Actual
A 400 | b 90 |
80 |
300 |
70 |
3 ki
© 200 | T 60 |
3 3 y
& &
50 |
100 |
40 |
| ]
0| 30 |
T T I I I T T T 1 T 1 T
0 100 200 300 400 30 40 50 60 70 80 90
Actual Actual

Figure 3. Linear correlation plots between actual and predicted values for (a) response Y; and
(b) response Y.

3.2.2. The Impact of Selected Factors on Y,

The in vitro release study that represents the second factor (Y;) was evaluated for
all formulations in order to determine the amount of mupirocin released over a period
of 6 h. It is apparent in Table 1 that the percentage of mupirocin released ranged from
40 £ 3.0 to 81 &£ 4.0%. Observing these data, the percentage of in vitro release decreased by
increasing the tea tree oil concentration. This could be attributed to the higher particle size
obtained by using a higher concentration of oil, which consequently provides a smaller
surface area for the formula and permits a lower release of the drug [44]. On the other
hand, it was noticed that even when the tea tree oil content was kept constant, increasing
the surfactant concentration increased the percentage of mupirocin released. The reason
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behind this result could relate to the decrease in the particle size and, consequently, cause
an increase in the surface area that would enhance the percentage of in vitro release upon
increasing the surfactant. The same finding was noticed upon using a co-surfactant, where
a higher concentration of PEG400 improved the in vitro release study as well.

The established mathematical equation emphasizes all of the obtained results, where
the negative sign in front of factor (A) indicates its antagonistic effect on Y,. However, the
positive sign served as confirmation of the synergistic influence of elements B and C. The
generated equation is as follows:

Y, =59.5294 — 13.25* A + 3.08867 * B + 1.88715 * C

Additionally, the produced graphs from the CCD approach were very important for
affirming the influence of the selected factors on the investigated in vitro release response
Y;. It is obvious based on the data in Figure 4a—c that the results were related to the
3D-response surface plot, the negative influence of factor (A), and the positive impact of
factors (B and C) on the studied in vitro release response Y,.

As well, it is apparent in Figure 5a—c that the one-factor plot was created to label the
effect of all factors on the in vitro release response. It was validated that increasing the
concentration of factor (A) resulted in a decrease in the in vitro release of the developed
formulations. On the contrary, an increase in factors (B and C) exhibited a corresponding
increase in the examined response.

3D Surface 3D Surface
a
90
80
g 70 -
2 g 60 o
£ *“3 50 :
a0
15
25
0.9 ¢: PEG 400
B: Tween 80 - 4 C: PEG 400 07 0.6 B: Tween 80
A: ol 15 05 05 05
Figure 4. Three-dimensional response surface plots demonstrating the effect of factors (a) A and B,
8 P P g
(b) A and C, and (c) B and C on the in vitro release response (Y53).
One Factor One Factor [o One Factor
a 90 | b 90 | 90 |
80 | 80 | 80 |
= 70
g 70 i g 70 | § 1
o o g
= = - = I
s > 60 s 60 | o gmmmmmmmmoIIIT
= ] = i '_;’_/'%5/7%7{,{ T/T{ = p—— )71)1
50
50 | 50 | i
40
40 | 40 | 4
! ‘ ‘ ! ‘ ‘ ‘ ‘ ' ' ' ‘ 0[5 o|7 ow9 1l1 1‘3 115
15 17 19 21 23 25 05 06 07 08 09 1 ' ' ; 00 : '
A: oil B: Tween 80 CPEG 4

Figure 5. One factor plots representing (a) the influence of factor A, (b) the influence of factor B, and
(c) the influence of factor C on the in vitro release response Y5.
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In addition, the linear relationship between adjusted and predicted R?> was emphasized
as displayed in Table 2 and Figure 3b. Adjusted and predicted R? values were 0.9869 and
0.9820, respectively, which refers to a reasonable match between both values since the
difference between them was less than 0.2. Moreover, the value of adequate precision for
the in vitro release response (Y) was 62.9684, which is a required signal for navigating the
design space.

3.3. Optimizing the Data

Several parameters could help in selecting the optimized formula depending on the
numerical optimization, created graph models, and desirability function. The purpose
was to direct the responses toward certain requisite objectives, which were to minimize
the particle size, keep viscosity in range, and maximize the in vitro release of the drug
from formulation. Based on the previous arrangement, the concentration of tea tree oil was
oriented to be 1.5 g, Tween 80 was 1 g, and PEG 400 was 1.48 g as shown in Table 3 and
Figure 6. These suggested amounts of selected factors provided the highest desirability
value, which reached 0.918 as presented in Figure 6. The previous amounts were used
to develop the optimized mupirocin NE formulation, which would be evaluated and
compared with observed calculated values.

The fact that the predicted and observed values were remarkably close to one another
was a prominent result. Figure 7 shows the particle size of the optimized mupirocin-loaded
NE formulation of (125.0 & 3.6). Additionally, its relative PDI value was 0.204 £ 0.27, in
which the distribution of particle sizes enclosed within a small range of sizes is regarded as
a positive indicator of stability [32].

Table 3. Predicted and observed values for the optimized mupirocin NE formulation.

Selected Factor Constraint
Tea tree oil concentration (g) In range
Tween 80 concentration (g) In range
PEG 400 concentration (g) In range

Response Predicted values Observed values
Particle size (nm) 120.26 £ 4.3 125.0 £ 3.6
In vitro release (%) 77.75 + 1.45 75.86 + 1.5
b Desirability
a
_ _ Acoil 1
b 2 o3 ! B:Tween 80 1
Aoil =15 B:Tween 80 = 1
C:PEG 400 1
Jﬂs ISL T'\m'; P size 0.916329
CPEG 400 = 1.5 P size = 120.26 In Vitro 09‘ OBE
‘//"']7 besrabity 0515 Combined 0.918592
0 o Solution 1 out of 76
T | I I
0.000 0.250 0.500 0.750 1.000

In vitro = 77.7552

Solution 1 out of 76

Figure 6. (a) Optimization ramps for the examined factors along with the predicted values of
responses demonstrating the desirability value and (b) illustrating bar graphs with the desirabil-
ity value.
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Results
Size (d.nm): % Intensity: St Dev (d.n...
Z-Average (d.nm): 125.0 Peak 1: 149.7 100.0 63.47
Pdi: 0.204 Peak 2: 0.000 0.0 0.000
Intercept: 0.930 Peak 3: 0.000 0.0 0.000

Result quality : Good

Size Distribution by Intensity

Intensity (Percent)

1 10 100 1000 10000
Size (d.nm)

Figure 7. The particle size of the optimized mupirocin NE formulation.

3.4. The Characterization of the Optimized Mupirocin NE
3.4.1. Visual Inspection

Visual examination of mupirocin-loaded NEG revealed that the preparation looked
to be a smooth, uniform, and homogenous formulation showing a convenient physical
appearance.

3.4.2. pH Determination

Since it is very important for a topical formulation to show a pH value close to skin
pH, measurement of this parameter was performed [45]. It was recorded that the pH of
the formulated mupirocin-loaded NEG was 6.13 £ 0.25, which appears to be suitable to
prevent any skin irritation and compatible with the pH of the skin.

3.4.3. Viscosity Measurement

Viscosity is another vital parameter to be evaluated since it would affect the formula-
tion behavior regarding the release of the drug from the formulations [46]. Accordingly, the
viscosity of the studied mupirocin-loaded NEG formulation was evaluated and found to
be 19990 + 425.79 cP, which appeared to be in the acceptable range for topical preparation.

3.4.4. Spreadability Test

In addition, spreadability is also essential to determine for topical preparation where
a lower value of spreadability indicates easier application over the skin [47]. As a result,
the spreadability of mupirocin-loaded NEG formulation was measured and found to be
48.8 £ 2.7 mm, which indicates an adequate result for a topical preparation to be readily
applied over the skin.

3.4.5. Drug Content

An evaluation of the drug content was performed and appeared to be over 99.26 + 0.5%,
suggesting that the mupirocin was distributed evenly throughout the preparations.

3.5. The In Vitro Drug Release Study of NEG Formulation

The outline of the in vitro release of mupirocin from the mupirocin-based NEG for-
mulation was estimated over a period of 6 h and compared with the release from the NE
as depicted in Figure 8. It was quite clear that the release of mupirocin from the NEG
formulation (51.4 £ 4.7%) and from the optimized NE (75.86 £ 1.5%) differed significantly
(p < 0.05). It was documented earlier that the in vitro release of the drug from the prepara-
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tion would be significantly influenced by the inclusion of a gelling agent in the formulation
that would provide higher viscosity [48]. Therefore, the percentage of drug in vitro release
from more viscous preparations was actually decreased [49]. In spite of showing a larger
percentage of mupirocin release from the NE formulation, the mupirocin-based NEG is
considered to be the best due to its adequate viscosity and proper spreadability, which
enables easier and more effective application to the affected area [50].

90
80 ~
70 A
60
50 1 ,r+*
40 1
30 ~
20 1

10 1 k*

0

=¢=Mupirocin loaded NE
=8 Mupirocin loaded NEG

% of Mupirocin released

Time (h)

Figure 8. Profile of in vitro release of mupirocin from the optimized NE and NEG formulations in
phosphate buffer pH 5.5 at 32 °C. The results from three experiments are presented as mean + SD.
* p < 0.05 compared with mupirocin-loaded NE.

3.6. FTIR (Fourier-Transform Infrared Spectroscopy) Study

Infrared spectroscopy was utilized to explore any chemical interactions between the
drug and any other substances included in the formulation as shown in Figure 9. The
spectra exhibited distinctive peaks for mupirocin, blank mupirocin, and mupirocin-loaded
NEG. Observed spectra of pure mupirocin corresponding to the major peaks were found
at 3480 cm~! (O-H), 3309 cm~!, 2934 cm™! (alkyl C-H), 1729 cm™~!, 1712 cm~! (C=0),
1231 cm~!, and 1222 cm~! (C-O). Upon observing the FTIR spectra for Blank-NEG and
mupirocin NEG, it was found that there is strong broadband around 3300 cm ™! due to
O-H stretching that results from intermolecular hydrogen. Furthermore, the existence of
a distinctive peak between 1700 and 1500 cm ™! in both mupirocin NEG and blank NEG
formulations suggested that the peaks of mupirocin and tea tree oil overlapped. This
demonstrated that mupirocin was successfully trapped within the tea tree oil without any
indication of a major chemical interaction between the drug and the oil. This result was
consistent with Alhasso et al. who stated that there were no interactions or interferences
between the inclusion of mupirocin and the essential oil nanoemulsion [51].
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Figure 9. FTIR spectra of pure mupirocin, blank NEG, and mupirocin-loaded NEG.

3.7. Scanning Electron Microscopy (SEM)

As exhibited in Figure S1, the surface morphology of the developed mupirocin-loaded
NEG formulation was performed using a scanning electron microscope. Discrete spherical
vesicles were disseminated, without aggregating, through the gel substrate as a network,
which suggested the formation of the nanoemulgel.

3.8. Stability Study

As depicted in Figure 10, checking for mupirocin-based NEG stability was conducted
relative to specific evaluated parameters including physical inspection, pH, viscosity,
spreadability, and in vitro release behavior. The study was performed by comparing stored
samples with fresh NEG formulation following storage for 3 months at variant conditions.
Obviously, the formulation showed no change in color, odor, or homogeneity, and no phase
separation was detected during the entire period of storage. Additionally, non-significant
variations were detected in all evaluated parameters for mupirocin-based NEG formulation
following 3 months of storage at conditions of 4 °C and 25 °C when compared with freshly
prepared NEG preparation (p < 0.05). This study highlights the formulation’s stability and
validates NEG as a powerful drug carrier.
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Figure 10. Stability study outline for mupirocin-loaded NEG formulation investigated at 4 °C and
25 °C for 3 months in terms of (A) pH, (B) viscosity, (C) spreadability, and (D) in vitro release
compared with freshly prepared NEG formulation.

3.9. The Antibacterial Activity of Mupirocin-Loaded NEG against MRSA Bacterial Strain

The efficacy of mupirocin formulation against MRSA was estimated by performing the
disc diffusion method. As previously mentioned, the investigation was carried out utilizing
several formulations, specifically mupirocin NEG, blank NEG, and marketed Bactroban®
ointment. The investigation depended on measuring the diameter of the inhibition zone
created by the tested formulations due to their effectiveness against the bacteria, as shown
in Table 4 and Figure 11. It was observed that mupirocin-loaded NEG had a significant
antibacterial impact on the cultivated bacteria. This is, in fact, because mupirocin-loaded
NEG formulations were shown to produce inhibition zones with diameters that were
much larger than those produced by blank NEG and commercially available products
(p < 0.05). Nevertheless, it was remarked that blank NEG produced with tea tree oil showed
a significant inhibition of bacterial development, which was undoubtedly attributed to the
tea tree oil’s antibacterial activity. In fact, it was previously confirmed that tea tree oil has
considerable antimicrobial activity against a wide range of bacteria [52]. This behavior is
reportedly due to the main content of tea tree oil, which is principally terpinen-4-ol [26].
Conclusively, and based on the obtained results, the greater antimicrobial activity exhibited
by mupirocin-loaded NEG could be attributed to the integration of mupirocin and tea tree
oil, which resulted in improving the antibacterial activity of mupirocin. In fact, this result
emphasizes previous conclusions regarding the problem of bacterial resistance where a
combination therapy-based treatment approach was thought to significantly increase the
antibacterial activity of several antibiotics [53]. Therefore, mupirocin-loaded NEG might
help in managing the problem of MRSA infections, which has been getting worse because



Appl. Sci. 2023,13, 13244

16 of 21

of the inappropriate use of mupirocin for treating skin infections, and which has led to the
emergence of mupirocin resistance [54].

Table 4. Antibacterial activity of examined formulations against MRSA bacterial strain.

Bacterial Strain

Inhibition Zone Diameter (cm)

MRSA
Blank NEG 1.8 4+0.10
Bactroban® ointment 3.0£0.15*%
Mupirocin-loaded NEG 34+£015*°

Values are shown as mean =+ SD; * (p < 0.05) compared with blank NEG; and ° (p < 0.05) compared with marketed
mupirocin (Bactroban® ointment).

Figure 11. Inhibition zone diameter caused by studied formulations: (1) blank NEG; (2) mupirocin-
loaded NEG; and (3) Bactroban® ointment on MRSA bacterial strain.

3.10. Studies on Skin Irritation

Observations were made to determine if the back skin of rats given mupirocin-loaded
NEG formula showed any signs of irritation. Remarkably, throughout the entire investiga-
tion period, no irritation, erythema, or edema could be seen in the area under examination.
This outcome demonstrated that the formulations were safe for topical application.

3.11. The In Vivo Evaluation of Wound Healing Efficiency

The effectiveness of in vivo wound healing was evaluated by determining the reduc-
tion in wound area, which is considered a sign of healing. Descriptive photographs were
taken of the wound area on different days, starting with the day of wound creation (day 0)
and on days 4, 7, 14, and 21 after the wound was created. As exhibited in Table 5 and
Figure 12, for each group in the study, demonstrative wound shots were taken on different
days in order to assess the probable healing of the treated formulations in wounded animals.
Primarily, on the first day after the wound creation, a bright red color was perceived in
all wounds, indicating the recovery of the blood to form blood clotting at the underlying
muscle after the skin injury. There was a non-significant difference in wound contraction
size between all treated groups under study. On the fourth day following wound formation,
noticeable new skin started to appear in group IV treated animals, indicating the start of
the wound healing stage. However, no discernible distinction was seen between any of
the other treated groups. On the seventh day following wound formation, a dark brown
color was noticed for all treated animal groups, indicating scab formation. However, the
wound in the untreated control group was still marginally red and inflamed. A significant



Appl. Sci. 2023, 13, 13244

17 of 21

difference was detected between the mupirocin-loaded NEG-treated group and the mar-
keted ointment-treated group (p < 0.05). Additionally, there was a significant difference
between the marketed ointment-treated group and the blank NEG-treated group (p < 0.05).
Regarding the untreated control group, it was obvious that the wound was still inflamed,
with a slight red color. Moreover, on the fourteenth day subsequent to wound creation, the
mupirocin-loaded NEG-treated animal group displayed a significantly reduced wound
size when compared with other animal groups (p < 0.05). Afterward, 21 days post-wound
formation, the mupirocin-loaded NEG-treated group showed a more significant reduction
in wound area that seemed to be close to complete healing compared with other groups that
received either the marketed ointment or the blank NEG formulation. On the other hand,
the untreated control group still exhibited an unhealed open wound. The findings demon-
strate the efficiency of mupirocin-loaded NEG in wound healing. This result appeared to be
due to the synergistic action between mupirocin and tea tree oil that helps to provide more
enhanced and rapid wound closure, which was found to be significant compared with
other groups under investigation (p < 0.05). This result was in accordance with Gangwar
et al., who suggested the importance of sticking to a novel strategy to enhance the efficiency
of mupirocin by combining it with other antimicrobial agents or natural products [55].

Day Control Un- Marketed oint-  Blank Mupirocin Mupirocin
treated ment loaded NEG
0 day o
4th day
7th day
14th day

L

Figure 12. Photographic illustration demonstrating the influence of investigated topical formulations
on wound healing in animals on various days after the formation of an excision wound.
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Table 5. Percentage of unhealed wound lesions at various periods in different examination groups.

% of Unhealed Wound Lesions

Days Control Marketed Mupirocin-Loaded
Untreated Ointment Blank NEG NEG
0 102.8 4.7 101 5.3 102.8 5.7 102.8 £5.7
4 97.3 +5.1 733 +14*° 80+4.0%% 61.63 +3.2%°$%
7 94.0 + 4.5 543 +3.4%° 7253 +£153*$% 31.67 £51*°$
14 90.3 4.5 36.67 £ 3.0%° 50.0 +1.0*% 1027 £2.0*°$

All data are shown as mean £ SD (n = 4). * Specifies significantly different from the control untreated group;
° specifies significantly different from blank NEG-treated group; and $ indicates significantly different from the
marketed ointment-treated group (p < 0.05).

4. Conclusions

In conclusion, a nanoemulsion preparation using tea tree oil was developed and opti-
mized using a central composite design. The optimized nanoemulsion was well integrated
into the gel base to form a nanoemulgel formulation for the topical delivery of mupirocin.
Mupirocin-loaded nanoemulgel was successfully evaluated for its characteristics to verify
its suitability for topical application. Afterward, the formulation was evaluated for its an-
tibacterial activity and proved to be active against MRSA, providing a large inhibition zone
that was promoted by the antibacterial effect of tea tree oil. Ultimately, the wound healing
activity of mupirocin-loaded nanoemulgel was evaluated on excision wound models and
provided good healing for the wound. However, further investigation of wound healing in
animals infected with different bacterial strains should be considered in the future. This
study emphasized that the antibacterial and wound healing efficiencies of mupirocin are
potentiated, especially when integrated with tea tree oil. Additionally, the nanoemulgel
was demonstrated to be the nanocarrier of choice for the topical delivery of drugs.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/app132413244 /51, Figure S1: Morphological screening of
the developed Mupirocin loaded NEG formulation using scanning electron microscopy.
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